train control in subway tunnels [8] . In the near future, various high-data-rate applications, such as real-time high-definition video surveillance, will be required to enable face recognition and emotion analysis [9] [10] [11] for security concerns (e.g., terrorist attacks, riots, etc). For public wireless communication systems or signaling and train control communication systems, a full understanding of the propagation is mandatory for their deployments in subway tunnels.
Over the past few decades, many works related to the propagation in tunnels have been published and have attracted intensive attention [12] [13] [14] . As the representatives of deterministic models, modal analysis based on waveguide theory [15] , [16] , models based on geometrical optics (GO) approach [17] [18] [19] , and models based on numerical methods for solving Maxwell equations for tunnel environment, e.g., vector parabolic equation techniques [20] , support an accurate way to predict the propagation characteristics in tunnels. On the other hand, empirical models, such as two-slope models [21] , [22] , three-slope model [23] , [24] , four-slope model [25] , [26] , and five-zone models [27] , [28] , etc., predict the propagation in tunnels in a fast and effective way. However, most of these models are sophisticated for the straight tunnels.
To get the insight into the influence of the tunnel curve, a few scholars conducted the corresponding research. First, for the GO approach, based on a ray launching technique, a hybrid method was presented in [29] to model the radio wave propagation in curved tunnels with a rectangular cross section. This study highlighted that the higher modes vanish quickly in the curved part. In [30] , a ray optical approach based on stochastic ray launching technique was presented to model the wave propagation in curved tunnels with rectangular or arched cross sections. In [31] , radio propagation in curved tunnels of rectangular or arched cross-sections was modeled. The influence of base station and tunnel parameters on the propagation slope in curved tunnels was determined qualitatively. Based on the simple image theory, a narrow-band and a wideband analysis of the propagation at 2.5 and 10 GHz in curved tunnels were presented in [32] . In [33] , an image-theory-based ray-tracing method validated by the measurements performed in a hallway of an office building was used to study ultrawideband propagation in curved tunnels. In [34] , a ray-tube tracing method was presented to simulate waves propagating in curved road tunnels from base stations for mobile communications. Second, for modal analysis, in [35] , it was shown that increased propagation loss is almost linearly proportional to frequency and inversely proportional to the radius of curvature. Third, for the numerical methods, in [36] , the use of the parabolic equation (PE) along with the alternate direction implicit method in predicting the loss for curved tunnels was discussed. It was found that one of the important characteristics of the curved tunnel is the accumulation of the field near the concave wall. In [37] , the radio wave propagation in curved tunnels having rectangular cross section was evaluated by using a high-frequency field prediction model. Finally, for hybrid methods, in [38] , simulations of the attenuation in a tunnel as a function of the radius of curvature were made based on both waveguide methods and the GO approach. In [39] , the case of a curved tunnel was studied using the Airy function representation of the modal fields.
The existing studies have already obtained some conclusions for the influence of the tunnel curve. However, it has been rare to correlate the extra loss of tunnel curve to various factors in different subway tunnel geometries and system configurations. The main contribution of this paper is to present the first-hand measurement results in the subway tunnels to quantitatively reflect the correlations between the extra loss and radius of curvature, frequency, polarization, and cross section, respectively. The extra loss extracted from the measurements are valuable for statistical modeling and can be directly added to the existing models for propagation in straight tunnels to fulfill the network planning in the curved subway tunnels (with the similar sizes, cross sections, and curvatures of the measured tunnels in this paper). Moreover, the measurements can be used to validate ray-tracing simulators that are able to predict the propagation in various curved tunnels in the future.
The remainder of this paper is organized as follows. The measurement campaign in two types of subway tunnels in Madrid is introduced in Section II. The measurement results and the method of extracting the extra loss of tunnel curve are presented in Section III. Section IV gives the analysis of the correlations between the extra loss and radius of curvature, frequency, polarization, and cross section, respectively. Discussions on the measurements and analysis are made in Section V. In Section VI, conclusions are drawn.
II. MEASUREMENT CAMPAIGN
Extensive narrow-band propagation measurements are carried out in two typical types of arched curved tunnels of Madrid's subway. In the information provided by Madrid Metro, a whole subway line is separated by many segments (marked by kilometer post) with the lengths from several decameters to several hundred meters. Each segment is with a corresponding radius of curvature that is approximated to be an integer but sufficiently accurate for engineering design. Thus, we use the radii of curvature provided by Madrid Metro, although they are the approximated values, and the curves are not perfect circular arches. Fig. 1(a) provides a simplified view of the test system. The transmission system is comprised of a continuous-wave (CW) transmitter and a panel antenna. The receiving system is composed of a broadband antenna, an amplifier, and a spectrum analyzer. The analyzer sends the captured received signal power to a laptop, which is stored for later processing. The transmission system, located on land, is subject to a mast in the opposite way from the train to avoid possible damage. The receiving system is located on the train, with the antenna attached to the front thereof. Fig. 1(b) shows the position of the receiving antenna.
A. Test System
Detailed information of the test system is given by Table I , where HPBW is the abbreviation for half-power beamwidth. The transmitting antennas in this paper are directional antennas (with gains range from 8 to 19 dB, depending of frequency), which are similar to the antennas used in the GSM-R system and other cellular communication systems (e.g., GSM) at the similar positions of real engineering-being several meters high, beside the track and near the wall inside tunnels. The receiving antenna is also similar but with a higher gain. Designing the antenna configuration like this is to obtain the results close to the engineering application. It is worth noting that the channel is a single-input-single-output (SISO) channel with directional antennas; therefore, the absolute value of received power will differ even in the same propagation environment when using different directional antennas or multiple-input-multipleoutput (MIMO) antenna arrays. However, the research topicextra loss-defined by the difference between the propagation losses in the curved and straight tunnels is isolated from the influence of antennas because, in this paper, the same patterns of antennas are embedded both in the curved tunnel cases (measurements) and straight tunnel cases (simulations).
B. Measurement Environment
The measurements are carried out in two types of arched curved tunnels of Madrid's subway. As shown in Figs. 2 and 3 , there are two types of arched tunnels in the modern subway systems. To keep coherence to our previous publications, such as [40] and [41] , these two types of tunnels are still named Arched "Type I" tunnel and Arched "Type II" tunnel, respectively. "Type I" consists of three plane walls and an arched roof, and "Type II" includes arched walls and roof, but a plane floor, which is more like a semi-circle. The arched "Type I" tunnel is more common in the subway tunnels built in the 1980s and 1990s, whereas the arched "Type II" tunnel is more usual in the newly built subway lines because of the widespread use of the shield machines in the constructions of modern tunnels. Relative position and configuration of the transmission system and receiving system along the train route inside two types of arched tunnels with dimensions of 7.59 m × 5.52 m ("Type I" tunnel) and 8.41 m × 6.87 m ("Type II") are shown in Figs. 2 and 3 as well. Positions of Tx and Rx in these two types of tunnels are given in Table II.   TABLE II  POSITIONS OF TX Figs. 4-6 show the top views of the tunnels with different cross sections (arched "Type I" and "Type II") and radii of curvatures (300 and 500 m) in this paper, respectively. The measurements are carried out in all the cases shown in Figs. 4-6. In each case, three carrier frequencies-920, 2400, and 5705 MHz-are tested to get the influence of the frequency. In order to observe the impact of the antenna polarization, both vertical polarization (V-pol) and horizontal polarization (H-pol) are measured in the arched "Type I" tunnel. In the arched "Type II" tunnel, the antennas are set to be H-pol. Extensive measurements are made with the train moving very slowly (with the speed around 2 km/h). Therefore, the channel is not time-varying. In order to obtain sufficient samples, the sampling intervals are shorter than one wavelength, and the measurements are made repeatedly. Since this paper focuses on the extra loss resulting from the tunnel curve, small-scale fading is separated from the received power by averaging samples at intervals of 40 wavelengths [42] . The large-scale fading property has been published in our previous work [43] , [44] ; therefore, it is not included in this paper.
III. MEASUREMENT RESULTS

A. Total Propagation Loss in Curved Tunnels
The received power (no small-scale fading) in all the measurement campaigns are shown in Fig. 7(a)-(d) , respectively. Since the antenna gains are not the same at different frequencies (see Table I ), the absolute received power is not comparable. The so-called "propagation loss" in this paper is not an absolute value but an attenuation rate-the slope of the lines (curves) of the received power in Fig. 7 -that is not influenced by different antenna gains. By comparing and analyzing the subfigures of Fig. 7 , the following interesting observations on the total propagation loss can be summarized. First, The similarity between Fig. 7 (a) and (b) indicates that the polarization does not dramatically influence the total propagation loss in the curved arched tunnel. However, since the width of the measured arched "Type I" tunnel is larger than its height, the propagation loss of the V-pol should be larger than that of the H-pol if the tunnel was straight [13] . Thus, the similar total propagation losses in the measured curved tunnel for both polarizations suggest that the extra loss (compared with the case of the straight tunnel) differs with different polarizations, and this point will be studied and justified in Section IV. Second, by comparing Fig. 7 (b) with (d), it can be seen that the total attenuation rate in the "Type I" tunnel is lower than that in the "Type II" tunnel. This is mainly because that the arched "Type I" tunnel is closer to a rectangular tunnel. With similar dimensions, the attenuation constant of corresponding mode in the rectangular tunnel is smaller than that in the arched "Type II" tunnel [41] . Third, in each case, the total attenuation rates of different frequencies are similar. However, in straight tunnels, the attenuation rates of different frequencies differ [13] . This means that the extra losses owing to the tunnel curve at different frequencies are not the same. In the latter part of this paper, this observation is verified by extracting the extra loss in every case, which indeed differs. Fourth, the total propagation losses in this paper with the 300-and 500-m radii of curvatures are larger than the values presented in [32] and [34] , in which the radii of curvature are larger than 1 km. This implies that the greater the radius of curvature is, the less the total propagation loss is. Similar conclusions can be found in [35] . For the case shown in Fig. 7 (c), the 920-and 5707-MHz waves suffer around 20-dB total losses within a 200-m range, which are similar to the measurement results at 1 GHz and results at 5.8 GHz reported in [36] and [29] , respectively. These findings justify the validity of the measurement data and provide a preliminary impression of the extra loss resulting from tunnel curve, which will be analyzed in the following.
B. Extraction of Extra Loss of Tunnel Curve
In order to extract the extra loss of the tunnel curve from the total received power, a ray-tracing simulator is employed to simulate the reference received signal power by assuming the curved tunnel to be straight. The validity of the ray-tracing simulator in both straight and curved tunnels at different frequencies and polarizations is verified by extensive comparisons with various measurements. Fig. 8 (a)-(c) are the three instances. Fig. 8(a) shows the comparison on the received power between the measurement and the ray-based simulation in the straight arched "type I" tunnel at 920 MHz with V-pol. The simulator used in this paper is developed in the project TECRAIL [45] , based on the image theory, taking into account the antenna patterns, geometry of the tunnel, locations of Tx and Rx, various orders of reflections, and the first order of diffraction. By simulating with three to eight order reflections, we obtain some differences from three to five order reflections but very similar results when using five order or higher order reflections. Since edges are note modeled in the straight tunnel, the diffraction calculation can be eliminated, and considerable computational speed up can be achieved. In the test, simulations with and without diffraction are compared, and the results are very similar. Thus, the ray-based simulations in this paper are with five order reflections and without diffraction, for the sake of the tradeoff between computational load and accuracy. Correspondingly, Fig. 8(b) and (c) shows the comparison in the curved arched "type I" tunnel at 2400 MHz with H-pol and the comparison in the curved arched "type II" tunnel at 5705 MHz with H-pol, respectively. Good agreements between the ray-tracing simulations and measurements can be found in the both figures. It is worth noting that the impact of the train is not considered in the simulations with two reasons. First, the simulations and measurements are made with propagation free of obstacles (train) in all cases. Since the train is never in the middle of the propagation path, the impact of it is expected to be limited. Second, the directional receiving antenna is installed on the front of the cabin, which further eliminates the impact of the train. Finally, the good agreements between measurements and simulations without consideration of the train also verify that the impact of the train on the received power in this context is negligible.
With the aid of the ray-tracing simulator, the extra loss of the tunnel curve can be extracted by the following steps. First, use the ray-tracing simulator with the same patterns of antennas used in the measurements to predict the reference received signal power in the equivalent straight tunnel. Second, following the log-distance path-loss model, a line only reflecting the path loss (without shadow fading and smallscale fading) in the reference straight tunnel (assuming the real curved tunnel to be straight in the simulator) can be obtained by using least squares (LS) line fitting for the simulated received power versus the log-distance. Third, the corresponding line can be received by doing the same LS fitting for the measured received power in the real curved tunnel. Fourth, by subtracting the value of the line of the measurement at every distance point (distance between Tx and Rx) from that of simulation at corresponding distance point, the residual virtually represents the extra loss of tunnel curve at every distance point. Fifth, since the coverage range of an antenna inside tunnels is usually several hundreds of meters, the extra loss of tunnel curve is expressed as an attenuation coefficient per 100 m-EL_curve [dB/100 m]. The same or similar terminology is used in [35] and [46] , but note that the attenuation unit in [dB/100 m] or [dB/1000 m] in these publications are defined by "total loss", including the original loss in the straight tunnel and the extra loss resulting from the curve, whereas the EL_curve [dB/100 m] defined in this paper means only the "extra loss" of tunnel curve. The advantage of distinguishing the extra loss from the total loss is that the extra loss of tunnel curve can be added to the loss predicted for straight tunnels, so that the existing models for straight tunnels, such as the models in [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , [27] , [28] , [40] , [41] , still can work in curved tunnels.
As an example, Fig. 9 shows the comparison on the received power (no small-scale fading) between the measurement in the curved tunnel, simulation in the reference straight tunnel, and corresponding LS fitting lines, respectively, at 5705 MHz with H-pol in the arched "type II" tunnel. It is worth noting that the ideal solution of extracting the extra loss is to subtract the value of the LS fitting line of the measurement in the curved tunnel from that of the measurement in the same straight tunnel. However, in reality, the same segment of a tunnel cannot be physically straight and curved simultaneously. Thus, the comparison is virtually between the measurement in one straight part and the measurement in another curved part. This may raise problems of comparability due to the space inconsistency between the curved and straight parts. Therefore, the extra loss in this paper is extracted by using the ray-tracing simulator that is validated by extensive measurements because the simulator can build an equivalent straight tunnel of the original curved one, keeping a good space consistency. As an example, Fig. 10(a) and (b) shows the comparisons between the measurements in a curved part and another straight part, as well as the comparisons between the measurements in the curved part and the simulation in the equivalent straight part, respectively, at 2400 MHz with V-pol in the arched "type I" tunnel. The good similarity between Fig. 10(a) and (b) implies that the simulator is adequate to model the real environment; therefore, it can be employed to effectively extract the extra loss.
The values of the extra loss of tunnel curve [dB/100 m] along the distance between Tx and Rx are shown in Fig. 11 . It can be found that the extra loss slightly changes along with the distance. However, the values of the extra loss trend toward a horizontal line, particularly when the distance is longer than 120-140 m. When the distance shorter than 120-140 m, the Rx is in the near-field zone of propagation inside tunnels [21] and [22] , where multiple high-order modes are significant and complicate the propagation. Therefore, the extra loss within this range is not modeled in this paper, and a more detailed analysis is needed for future work. After 120-140 m, the Rx is in the far-field zone where the waveguide propagation is established. Thus, dramatic change of the extra loss in the further distance is not expected because the propagation is dominated by fundamental modes. The trend toward a horizontal line in Fig. 11 verifies this analysis and shows that, in the far-field zone, the extra loss is independent from the distance between Tx and Rx. Moreover, since the propagation between Tx and Rx is mainly determined by tunnel geometry and material, if the Tx is placed along the curve, the extra loss is not expected to dramatically change when the applied tunnel is of the similar type and curvature of the measured tunnel. Hence, in order to facilitate the use, the median value along the measuring distance is used to represent the typical value of the extra losses [dB/100 m] in every case. Thus, in the implementation, such as the network planning, the extra loss can be directly added to the propagation loss in the straight tunnel to predict the total propagation loss inside curved tunnels, i.e.,
where L (in decibels) is the total propagation loss inside curved tunnels, d (in meters) is the distance between Tx and Rx, L straight (in decibels) is the propagation loss in the straight tunnel, which usually is a function of d. Fig. 12 shows the structure of the whole measurement campaigns and the extracted extra losses of tunnel curve in all the combinations of various cross sections of tunnels, radii of curvature, polarizations, and frequencies. In the measurements, 0.8-6.7 dB/100 m extra losses resulting from the tunnel curve are observed.
A summary of the extra loss of the tunnel curve in literature is given by Table III , where H and W are the height and the width of tunnel, respectively. "H." and "V." are H-pol and V-pol, respectively. "MV" and "CV" are medium height and ceiling height for vertically polarized antennas, respectively. Details can be found in the corresponding literature [35] , [47] , [48] . Due to different types of tunnel and configurations, the extra loss of tunnel curve from different literature cannot be compared directly; however, the following three common senses still can be found: 1) The extra loss is inversely proportional to the radius of curvature, 2) higher frequency suffers larger extra loss, and 3) H-pol is much more affected by the tunnel curvature than the V-pol. More detailed analysis and interpretations of the correlations between the extra loss and various factors are made in the following.
IV. ANALYSIS OF THE EXTRA LOSS OF TUNNEL CURVE
As shown in Fig. 12 and Table III , the extra loss of tunnel curve can be influenced by four factors: radius of curvature, frequency, polarization, and cross section of the tunnel. In the following parts, the correlations between the extra loss and these factors will be quantitatively analyzed based on the extra loss (see Fig. 12 ) extracted from the measurement results. It is worth noting that, in order to reflect the influence of a certain variable, the comparisons should be limited between the cases that only this variable is different. Fig. 13(a) shows the extra loss versus radius of curvature, in the arched "type II" tunnel at various frequencies with H-pol. It can be found that a smaller radius of curvature corresponds to a higher extra loss at all the three frequencies. This observation is in line with common sense. The interesting thing is that the differences of the extra losses between the case of 300-m radius of curvature and the case of 500-m radius of curvature at different frequencies are very similar: 1.6 dB at 920 MHz, 1.2 dB at 2400 MHz, and 1.7 dB at 5705 MHz. This indicates that the radius of curvature could influence not only the first-order characters (such as the absolute value of the extra loss), but also the second-order characters of the extra loss (such as the partial derivative of the extra loss for the radius of curvature). Fig. 13(b) shows the extra loss versus frequency, in the arched "type I" tunnel with a 500-m radius of curvature. Fig. 13(c) shows the extra loss versus frequency in the arched "type II" tunnel with H-pol. From these two figures, it can be noticed that the higher frequency results in a higher extra loss if the other factors do not change. This finding implies that the relatively lower propagation attenuation rate of higher frequencies in the straight tunnels is nullified by the extra loss of tunnel curve. Thus, in the curved tunnel, the total attenuation rates of various frequencies tend to be similar, as shown in Fig. 7 . In certain extreme cases, the total attenuation even could increase with the increase in frequency in curved tunnels (e.g., in [46] ), which is contradictory to the cases in straight tunnels. Thus, which frequency has the relatively lower attenuation rate depends on the specific conditions, such as the radius of the curvature, frequency, etc. Fig. 13(d) shows the extra loss versus polarization, in the arched "type I" tunnel with a 500-m radius of curvature. It can be observed that the wave propagation has a larger extra loss in the case of H-pol than that in the case of V-pol. This can be interpreted by the change of reflection coefficients. As shown in Fig. 14 , the extra loss of the tunnel curve is mainly from the curve in the horizontal direction. In other words, the extra loss mainly comes from the change of the reflection coefficients Δ|Γ| on the vertical or side tunnel walls with the change of the incidence angles Δθ i , i.e.,
A. Extra Loss and Radius of Curvature
B. Extra Loss and Frequency
C. Extra Loss and Polarization
where θ i_c and θ r_c are the incidence angle and reflection angle on the side walls of a curved tunnel, respectively. Correspondingly, θ i_s and θ r_s are the incidence angle and reflection angle on the side walls of the reference straight tunnel. Since the lower order modes (in the modal analysis) are the main modes propagating along the tunnel, θ i_s of the first-order or secondorder reflections (corresponding to the lower order mode in the modal analysis), is usually not much smaller than 90
• . Since the curve in the real tunnels is gradual, θ i_c of the first-order or second-order reflections is usually larger than around 50-60
• . Thus, in this interval, the change of the reflection coefficients of the parallel polarization of the side walls (corresponding to H-pol) Δ|Γ| Parallel is larger than the change of the reflection coefficients of the perpendicular polarization of the side walls (corresponding to V-pol) Δ|Γ| Perpendicular . This leads to the fact that, in the curved tunnel, the wave of H-pol has a larger extra loss than that of V-pol. Hence, V-pol could be a relatively better choice in the curved tunnel because it is not so sensitive to the tunnel curve as the H-pol. Similar observations and interpretations can be found in [31] , [47] , and [48] . Fig. 15 shows the extra loss versus cross section of the tunnel with a 500-m radius of curvature, at various frequencies with Hpol. It can be found that the extra loss in the arched "Type I" tunnel is smaller than that in the arched "Type II" tunnel at all the three frequencies. This could be linked to the cross sections of tunnels and the polarization. Since the waves in Fig. 15 are with H-pol, the two vertical plane side walls in the arched "Type I" tunnel are more appropriate to establish the horizontally polarized modes than the arched walls in the arched "Type II" tunnel. Similar conclusions can be found in [38] and [49] . This difference could be expected to be slighter in the case that the wave is vertically polarized because the arched roof and plane floor in both types of arched tunnels are similar. Hence, the vertically polarized modes could be established in the similar way. More simulations and measurements are expected to verify this presumption for future work.
D. Extra Loss and Cross Section
V. DISCUSSION
Reviewing the measurements and analysis, some final remarks shall be made to provide a better understanding of the results in this paper.
1) This paper presents the first-hand information of the extra loss of tunnel curve based on extensive measurements in two types of arched tunnels. Since the tunnel types, dimensions, frequencies, and measurement campaigns setup are typical and close to the real subway scenarios as well as the communication systems deployed in subway, the values of the extra losses extracted from the measurements (given in Fig. 12 ) are representative; therefore, they could be involved in the network planning in the corresponding cases directly. If the application environments are dramatically different from the measurement campaigns, the suitability of the values in this paper will decrease. However, these values are still useful to establish statistical models or to validate the theoretical or empirical models on the extra loss of tunnel curve. 2) The measurements are designed and conducted with various combinations of four major conditions: cross section of tunnel, radius of curvature, polarization, and frequency. Nevertheless, not all the combinations are covered due to the limited conditions of the measurements in reality. This is why the measurement campaigns in this paper are described by "comprehensive" and not by "complete." However, these extensive measurements still reflect the correlations between the extra loss and radius of curvature, frequency, polarization, and cross section, respectively. Furthermore, after validation of the ray-tracing simulators using the presented measurement results, it is expected to make more simulations to finally present the panorama of the correlations between extra loss and various factors for future work. 3) In addition to the expression in this paper, there could be other ways to describe the extra loss of tunnel curve. The reasons why we depict the extra loss as an attenuation coefficient per 100 m are as follows. First, the values of the extra loss [dB/100 m] seem to be constant, particularly when the distance is longer than 120-140 m (see Fig. 11 ), this reasons the way to use the median value along the measuring distance to represent the typical value of the extra loss [dB/100 m]. Second, in the applications, such as the network planning, it is desired to provide an attenuation coefficient versus distance between Tx and Rx so that the designers can directly add the extra loss of tunnel curve-EL_curve [dB/100 m]-to the propagation loss in the straight tunnels to get the realize a fast link budge in the curved tunnels, as shown in (1). 4) It may be noticed that the extra loss is not extracted (in this paper) when the distance is shorter than 100-120 m. This is because, in the measuring tunnels at the three frequencies, the region where the distance is shorter than 100-120 m is the near-field zone, numerical high-order modes exist and dominate. As a consequence, the wave suffers severe loss and complex fading. This makes the extraction of the extra loss of tunnel curve in this area complicated and unreliable. In order to keep the reliability of the results presented in this paper, the modeling of extra loss in the near-field zone is left for future work. With more extensive simulations and measurements, the insight into the propagation mechanisms within this region is expected to establish in the future. 5) To reveal the influence of every single condition, the comparisons in Section IV are limited between the cases that only one condition is different (all the other conditions do not change). This is why the contents in Fig. 13(a) -(d) are reorganized from partial contents in Fig. 12 . Not all the extra losses in Fig. 12 are directly compared due to the limited comparability. For instance, between some cases, there are more than one conditions change, and it is hard to distinguish the influence of each condition from the mixed results. 6) The main objective of this paper is the extra propagation loss analysis in curved tunnels. Therefore, additional parameters needed for broadband system analysis are beyond the scope of this paper. However, some of the literature (e.g., in [50] and [51] ) points out that the propagation of broadband signals in tunnels is quite good because the delay spread of the signal is very short, as expected in a wave guided propagation medium. Only in large metro stations is there an increase in multipath and delay spread.
VI. CONCLUSION
This paper presents the extra loss resulting from the tunnel curve based on extensive measurements in two types of the real subway tunnels at 920, 2400, and 5705 MHz. Extra losses of 0.8-6.7 dB/100 m are obtained under various specific conditions. By quantitatively analyzing the correlations between the extra loss and radius of curvature, frequency, polarization, and cross section, respectively, the main results are summarized as follows: A smaller radius of curvature leads to a higher extra loss at all the three frequencies. Moreover, the higher frequency results in a higher extra loss, which means that the relatively lower attenuation rate of higher frequencies in the straight tunnels is reduced by the extra loss of tunnel curve. Unlike in the straight tunnels, here, we cannot conclude which frequency has the relatively lower attenuation rate. In curved tunnels, the attenuation rate depends on the specific conditions, such as the radius of the curvature, frequency, etc. The structures in the horizontal direction, such as the side tunnel walls, influence the extra loss of horizontally polarized wave. Similarly, the structures in the vertical direction, such as the roof and floor, could mainly influence the extra loss of vertically polarized wave. In the curved tunnels, the wave of H-pol has a larger extra loss than that of V-pol. Thus, V-pol could be a relatively better choice in the curved tunnel because it is not so sensitive to the tunnel curve like the H-pol. Given the fact that the real tunnels are always the combinations of curved and straight parts, the best choice would be to use the circular polarization.
Both the quantitative results and qualitative analysis are helpful for statistical modeling and the involvement of the extra loss of tunnel curve in the system design and network planning of communication systems in real subway curved tunnels. 
